Evidence is accumulating to support the hypothesis that some animals use light-induced radical pairs to detect the direction of the Earth's magnetic field. Cryptochrome proteins seem to be involved in the sensory pathway but it is not yet clear if they are the magnetic sensors: they could, instead, play a non-magnetic role as signal transducers downstream of the primary sensor. Here we propose an experiment with the potential to distinguish these functions. The principle is to use superparamagnetic nanoparticles to disable any magnetic sensing role by enhancing the electron spin relaxation of the radicals so as to destroy their spin correlation. We use spin dynamics simulations to show that magnetoferritin, a synthetic, protein-based nanoparticle, has the required properties. If cryptochrome is the primary sensor, then it should be inactivated by a magnetoferritin particle placed 12-16 nm away. This would prevent a bird from using its magnetic compass in behavioural tests and abolish magnetically sensitive neuronal firing in the retina. The key advantage of such an experiment is that any signal transduction role should be completely unaffected by the tiny magnetic interactions ((k B T ) required to enhance the spin relaxation of the radical pair.
Introduction
Since it was first demonstrated in the 1960s that migratory birds can sense the direction of the geomagnetic field [1, 2] , the quest to uncover the underlying biophysical mechanism has been hampered by the lack of an unambiguously identified receptor [3, 4] . Although it had been proposed in 1978 that radical pairs could be the magnetically sensitive entities [5] , their identity remained obscure until 2000 when the protein cryptochrome was proposed as a potential light-dependent magnetoreceptor [6] . Subsequent work [7] [8] [9] [10] [11] [12] suggests that cryptochromes are well suited for this purpose (reviewed in [13 -15] ). The sensors are located in the birds' retinas, which contain four different cryptochromes (1a, 1b, 2 and 4) [16] [17] [18] [19] [20] . Of these, cryptochrome 4, present in the outer segments of the double-cone photoreceptor cells, is the most likely to be a magnetic sensor [20] . Other studies suggest that cryptochromes also mediate a variety of magnetic responses in insects [21 -29] . However, although there is appreciable evidence that cryptochrome plays a role of some kind in magnetoreception, there is still no proof that it is the sensor rather than, for example, an essential downstream component in the magnetic signal transduction pathway [15] or an upstream regulator of the magnetic sensor.
Elucidation of the magnetic function of cryptochrome in vivo requires a carefully designed experiment in which the magnetic properties of the protein can be selectively modified without otherwise affecting its ability to participate in a sensory pathway. Site-specific mutations are unlikely to satisfy this condition. Although amino acid substitutions could, for example, prevent radical pair formation [22, 30, 31] and so abolish magnetic sensing, they may also induce structural and dynamical changes that would obstruct a signal transduction role. Fortunately, detection of magnetic fields via the radical pair mechanism depends on the delicate interplay of magnetic interactions that are orders of magnitude weaker than those that govern chemical bonding, molecular structure and reaction kinetics, providing an extremely gentle and potentially selective way to disrupt the operation of a radical pair compass sensor [15] .
According to the radical pair mechanism, the direction of an external magnetic field can be determined via its influence on the dynamics of the interconversion between singlet (antiparallel electron spins) and triplet ( parallel electron spins) states of two light-induced, spin-correlated radicals [5] . A consequence of their photochemical origin is that the radical pairs in cryptochrome are created in a pure singlet state, far removed from the 1 : 3 singlet : triplet ratio expected for thermal equilibrium [12, 32] . If the radicals remain in a coherent, nonequilibrium state for about 1 ms, then, in principle, the interaction of the electron spins with the geomagnetic field can modify the spin dynamics and hence alter the yields of the reaction products [15, 33] . If the spins relax too quickly, all information about the magnetic field is lost [34] [35] [36] .
In this report, we propose an experiment in which a cryptochrome-based magnetic compass sensor could be selectively disabled by attaching a superparamagnetic nanoparticle as a spin relaxation agent. Although the context is very different, the principle is not unlike that of the contrast agents used in magnetic resonance imaging (MRI) [37] [38] [39] . Section 2 outlines the model used to simulate the destructive influence of the fluctuating magnetic field of the nanoparticle on a nearby radical pair. Our approach differs fundamentally from previous theoretical work in this area, which focused on the magnetic amplification effect of, for example, coherent spin evolution driven by the magnetic field gradient of a nearby single-domain magnetite crystal [40 -43] . The following section reports simulations designed to determine the optimum timescale ( §3.1) and strength ( §3.2) of the fluctuating field and hence how close the nanoparticle would need to be to induce significant spin relaxation in the radical pair. Section 3.3 discusses the choice of nanoparticle, §3.4 discusses some practical considerations and §3.5 outlines preliminary in vitro experiments that could be used to validate the approach and quantify the relaxation enhancement.
Methods
The key characteristic of a superparamagnetic nanoparticle is that its magnetic moment is unstable and changes direction with a characteristic time constant known as the Néel relaxation time, t N . Such particles are therefore the source of a fluctuating local magnetic field that could potentially relax the electron spins of a nearby radical pair and so degrade its sensitivity to an external magnetic field. Spin relaxation can also result from the Brownian motion of the nanoparticle if it modulates the distance to the radicals and hence the magnetic field they experience.
The Néel relaxation of a superparamagnetic nanoparticle with strong uniaxial symmetry involves virtually instantaneous flips of its magnetic moment between two antiparallel orientations aligned with the 'easy axis' of the particle. A strong external magnetic field can bias these fluctuations such that the magnetic moment becomes polarized in the direction of the field. However, in an Earth-strength field (approx. 50 mT) at physiological temperatures, the degree of alignment is approximately 10
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(m NP /m B ) [44] , where m NP is the instantaneous magnetic moment of the nanoparticle and m B is the Bohr magneton. Therefore, for magnetic moments smaller than approx. 1000 m B (see later), the two orientations are almost equally likely and the time between flips is exponentially distributed with a mean value t N . This behaviour can be captured by a model in which the system jumps between two equally populated sites, A and B, corresponding to the two orientations of the magnetic moment. The spin dynamics of a radical pair subject to the magnetic field of a nearby nanoparticle can therefore be described by two coupled Liouville-von Neumann equations [9, 45] : The spin Hamiltonian,Ĥ 0 , contains the interactions of the two electron spins with the geomagnetic field and with the nuclear spins in each radical (hyperfine interactions).Ĥ A andĤ B in equation (2.2) represent the Zeeman interactions of the electron spins with the fields produced by the two orientations of the nanoparticle's magnetic moment. The singlet and triplet states of the radical pair are assumed to react spin-selectively with the same rate constant, k, to give distinct products [46] . The fractional yield of the product formed from the singlet state, which we shall call the 'singlet yield', F S (u), is calculated as [9] 
whereP S is the singlet projection operator, Z is twice the number of nuclear spin states in the radical pair, and u is the angle between the axis of the 50 mT external magnetic field and the z-axis of the radical pair (figure 1). The radical pair is assumed to be created in a pure singlet state. The same approach may be used as a crude model of the Brownian motion of the particle by allowing it to hop back and forth between two equally populated sites at different distances from the radicals (figure 1). In this case, t N is replaced by t B , the average time between jumps. Further details Figure 1 . Arrangement of the radicals (black spheres) and nanoparticle (green circle) in the toy model. The 'primary' radical, which contains the magnetic nucleus, is placed at the origin; the symmetry axis of its hyperfine interaction (HFI, red arrow) defines the z-axis. The 'secondary' radical is 1.9 nm away along the x-axis. The nanoparticle is at a distance d from the primary radical, also on the x-axis. In the toy model, the easy axis of the nanoparticle (EA, green arrow) is parallel to either the x-or the zaxis. The direction of the geomagnetic field (B), defined by the angle u, is in the xz-plane. Brownian motion was modelled by allowing the nanoparticle to jump from the position shown to either (x, z) ¼ (2d 2 Dd, 0) (x-axis hops) or (x, z) ¼ (2d, Dd) (z-axis hops).
can be found in the electronic supplementary material. The nanoparticle is treated as a point magnetic dipole generating a magnetic field that falls off as r 23 , where r is the distance from the centre of the particle. The two radicals, therefore, experience different magnetic fields (although the effect of this difference proved to be minor).
Results

Néel relaxation time of the nanoparticle
Criteria for selecting a suitable nanoparticle can be derived by modelling a toy radical pair containing a single spin- ) of 10 ms. For simplicity, the hyperfine tensor was chosen to be axially symmetric with principal values (A xx , A yy , A zz ) ¼ (0.0, 0.0, 1.5) mT. The radicals are 1.9 nm apart (to match the separation of the magnetically sensitive radicals in cryptochrome [47, 48] ) and the nanoparticle is placed on the inter-radical axis, d ¼ 12 nm from the ( primary) radical that carries the nuclear spin and 13.9 nm from the (secondary) radical (figure 1). Equation (2.3) was used to calculate the singlet yield anisotropy, defined as DF S ¼ F S (0) 2 F S (908), the difference in the singlet yields when the geomagnetic field is parallel and perpendicular to the hyperfine axis. As in previous studies [8, 9] , we assume that DF S quantifies the sensitivity of the compass to changes in the direction of the geomagnetic field. Figure 2a shows the variation of DF S with t N for three magnetic moments and two orthogonal easy axis directions. For this very simple radical pair, the effect of the nanoparticle depends strongly on the direction of the easy axis relative to the hyperfine axis: no relaxation is induced when these axes are parallel (solid lines) and the relaxation is most efficient when they are perpendicular (dashed lines). This distinction is less marked for a more realistic radical pair containing several hyperfine interactions in both radicals (see below and electronic supplementary material). In practice, the easy axis would be randomly oriented relative to the molecular frame of the radical pair, making this difference largely irrelevant. The parallel configuration is included in figure 2a for comparative purposes, to show how DF S depends on t N in the absence of spin relaxation.
The effect of the nanoparticle depends strongly on its Néel relaxation time (figure 2a). For very fast flipping (t N , 1 ps), there is no effect at all: the spins of the radicals cannot react to such a rapidly switching magnetic field. In the other extreme, when the flipping is very slow (t N . 1 ms), the field produced by the nanoparticle is effectively static during the 10 ms lifetime of the radicals. There is no spin relaxation but DF S is changed because the field of the nanoparticle distorts the response of the radical pair to the direction of the geomagnetic field. Although not a relaxation effect, this could also prevent the compass from functioning. However, the impact of a static nanoparticle field is less pronounced than that of a nanoparticle that induces relaxation. Moreover, using a static field to disrupt the magnetoreceptor would potentially affect both a compass operating via the radical pair mechanism and one based on magnetite particles. For these reasons, we focus here on relaxation-inducing nanoparticles, as this method of disrupting the compass is selective for the radical pair mechanism. For intermediate t N , the relaxation is at its most efficient when 10 ns , t N , 1 ms. In this range, DF S % 0 and the response of the radical pair to both the presence and direction of the geomagnetic field vanishes. Figure 2b demonstrates that Brownian motion of the nanoparticle (d ¼ 12 nm, Dd ¼ 2 nm, figure 1) relaxes the radical pair much less efficiently than does the Néel fluctuation of the magnetic moment. For hopping times between 1 ps and 1 s, the relative motion of the nanoparticle and the radical pair gives rise to relatively little spin relaxation in the absence of Néel relaxation and hardly changes the spin dynamics in the presence of Néel relaxation. Since we wish the nanoparticle to be attached to cryptochrome to maximize the selectivity of the relaxation enhancement, its motion would have to be quite constrained. Consequently, as demonstrated in figure 2b, the modulation of the field experienced by the radicals is likely to be much weaker than the full field-reversal arising from Néel fluctuations. From now on we, therefore, focus exclusively on the latter.
In summary, the nanoparticle must undergo Néel relaxation that is neither too slow nor too fast if it is to have the 
Magnetic moment and position of the nanoparticle
To estimate the required magnitude of the magnetic moment of the nanoparticle and its distance from the radicals, we simulated a more realistic spin system based on the radicals responsible for the observed magnetic field effects on purified cryptochromes [11, 12] . Formed by photo-induced electron transfer within the protein, this radical pair comprises the reduced form of the non-covalently bound flavin adenine dinucleotide chromophore, FAD †2
, and the oxidized form of a tryptophan amino acid residue, TrpH †þ [15] . , was oriented such that the short and long axes of the tricyclic isoalloxazine group defined the x-and y-axes, respectively. In this orientation, the dominant hyperfine interactions in FAD †2 (N5 and N10) are axially symmetric around the z-axis (as was the case for the toy system above). The secondary radical, TrpH †þ , was rotated relative to FAD †2 as in the X-ray structure of Drosophila melanogaster cryptochrome [47, 48] , and positioned on the x-axis 1.9 nm from the centre of the FAD. Figure 3a shows the dependence of the singlet yield of the [FAD †2 TrpH †þ ] pair on the direction of a 50 mT magnetic field in the presence of periodically reversing local fields of strengths up to 400 mT directed along the x-axis. The Néel relaxation time was 1 ns (a typical value for magnetoferritin [50] , see below) and the radical pair lifetime was 10 ms. As the field of the nanoparticle is increased, the 'spike' at u ¼ 908 is attenuated and F S (u) tends towards the constant value (0.25) expected for fast relaxation. When the nanoparticle field exceeds 150 mT the spike is completely lost, which we take as a 'sufficient' alteration of the compass signal. If the radical pair lifetime is reduced from 10 to 1 ms, no spike is observed and 'sufficient alteration' is instead taken as the point at which more than 90% of the singlet yield anisotropy is lost. This occurs when the field produced by the nanoparticle exceeds 400 mT (see the electronic supplementary material). Using a point dipole approximation and assuming that the nanoparticle is bound with its easy axis parallel to the x-axis of the radical pair, we can calculate how close a nanoparticle with a given magnetic moment would need to be to create a particular magnetic field at the mid-point of the two radicals. The results are shown in figure 3b . For a magnetic moment of 350 m B , fields of 150 mT and 400 mT correspond to distances of 16.3 nm and 11.7 nm, respectively. If the magnetic moment is larger than 350 m B or if the Néel relaxation is within the 10 ns-1 ms range identified above, then the nanoparticle could be placed further away.
Choice of nanoparticle
The above considerations suggest that the key characteristics required for a superparamagnetic nanoparticle to efficiently relax the electron spins of a [FAD †2 TrpH †þ ] radical pair are a Néel relaxation time between 10 ns and 1 ms and a centreto-centre distance of roughly 12-16 nm. The chosen nanoparticle must, ultimately, be suitable for reproducible incorporation into a living system with the possibility of tailoring its properties. That is, it must be non-toxic and stable under physiological conditions with (ideally) uniform size and well-defined magnetic properties. These are essentially the same requirements that must be met by MRI contrast agents, to which we looked for inspiration. Most magnetic nanoparticles that are used to enhance nuclear spin relaxation are based on either gadolinium (Gd 3þ ) chelates or superparamagnetic iron oxide [51] . They comprise three parts: a magnetic core, a biocompatible coating or shell and a functionalized surface to target the particle to its intended substrate [51] . The coatings-commonly organic polymers, organic surfactants or inorganic layers [37] -are particularly important for Gd 3þ -based nanoparticles, which are otherwise highly toxic. An alternative approach, with clear advantages, is to use a protein cage to enclose the magnetic core. The biological origin of the cage imparts natural biocompatibility, minimizes the toxicity of the mineral core and makes the particles suitable for large-scale production [52] . Furthermore, the protein provides a versatile platform for functionalizing the particle [53] and confines the growth of the core to produce uniformly sized particles. The most commonly used protein template is ferritin-a class of spherical iron-storage proteins common to animals, plants and bacteria. Naturally occurring ferritin has an antiferromagnetically ordered, single-domain, superparamagnetic ferrihydrite (5Fe 2 O 3 .9H 2 O) core, containing up to 4500 Fe 3þ ions [54] , and around 2000 on average [55] . Uncompensated iron spins at the surface of the core give ferritin an average magnetic moment of 300 m B [56, 57] . It is water-soluble [58] , resistant to denaturation, attracts high-affinity antibodies, and is 12 nm in diameter, with an 8 nm internal cavity [59] . A further attractive feature of ferritin is that it is comparable in rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180587 size to cryptochrome and so might not interfere excessively with its functioning in vivo. The same cannot be said of some of the other MRI nanoparticles, which can have hydrodynamic diameters of tens to hundreds of nanometres [51] . Furthermore, unlike many other nanoparticles, derivatives of human ferritin are capable of crossing a number of biological barriers, including the blood-brain barrier [38] . Bird retinas are not vascularized but are provided with nutrients via the pecten. Observation of transferrin receptors binding ferritin in the retina [60] and of ferritin uptake from the bloodstream into the pectin [61] suggests that it may be able to enter the retina via this route.
The ability to synthesize cores with different magnetic properties inside an apo-ferritin shell offers the possibility of tailoring the nanoparticle to a particular application. In the present context, it would also allow one to devise a range of control experiments using empty (i.e. non-magnetic) apo-ferritin or a core whose magnetic properties are such that there should be no effect on a nearby radical pair sensor. Control experiments of this kind would confirm that any observed disruption to magnetic sensing arose from induced spin relaxation rather than some non-magnetic effect on the structure or electron transfer ability of the cryptochrome.
There are many advantages to using the ferritin architecture to create a nanoparticle for the proposed experiment. Unfortunately, natural ferritin is not itself suitable: its Néel relaxation time is less than 100 ps (table 1), which is too fast to relax a nearby radical pair (figure 2). However, the synthetic derivative magnetoferritin, in which the natural ferrihydrite core is replaced by magnetite (Fe 3 O 4 ) , has a Néel relaxation time of 1-5 ns. Although this lies outside the optimum range identified above, it should still drive reasonably fast relaxation. According to figure 3, if magnetoferritin were loaded so as to have a magnetic moment of 350 m B , which is well within the range of measured values (table 1) , it would need to be bound with the centre of the nanoparticle approximately 12 nm from the radicals for them to experience a 400 mT field. Given the dimensions of cryptochrome (approx. 5 Â 6 Â 9 nm [47, 48] ) and the 6 nm radius of magnetoferritin, this appears feasible.
Practical considerations
Clearly, there are challenges that would have to be faced before our proposal could be realized in behavioural tests on migratory songbirds, or even in more tractable model organisms such as Drosophila. In particular, delivering synthetic nanoparticles reliably and specifically to an unknown (but potentially large) number of intracellular cryptochromes may be beyond the reach of current technology. A more feasible option could be to devise a way to genetically engineer a magnetoferritin nanoparticle already attached via a flexible linker to cryptochrome. A literature search revealed no welldeveloped biosynthetic route to magnetoferritin, although there are suggestions that it might be possible to convert ferritin into magnetoferritin genetically. For example, a study by Matsumoto et al. describes a mutant form of ferritin from thermophilic bacteria, with approximately three times higher iron uptake than normal human ferritin [62] . The higher iron uptake was associated with larger magnetic moments, although the mineral composition of the mutated cores was not characterized. Increased iron uptake in malfunctioning human brain ferritin is associated with a number of neurodegenerative diseases and is thought to result in deposits of biogenic magnetite [63] [64] [65] . However, the protein shell of this pathological ferritin does not function correctly and allows large amounts of iron to pass out of the protein into the blood stream, where it can reach toxic levels [63] . Finally, biogenic magnetite has been reported to form at least part of the core of plant ferritin (phytoferritin) [66, 67] .
An alternative to a behavioural approach would be to measure magnetic field effects on the neuronal firing of an explanted retina, which should provide a good measure of compass function [14] . It is likely to be easier to deliver nanoparticles to an isolated retina than to an intact bird, where magnetoferritin can be rapidly removed from the bloodstream by the liver [39] . Nanoparticles could even be injected directly into the cells thought to harbour the magnetic sensors. As an added advantage, the measured magnetic response would not rely on the bird's motivation to orient and would probably be less susceptible to any side-effects of the nanoparticles. In particular, the potential toxicity of high levels of magnetoferritin is unknown, although, as mentioned above, high levels of leakage of iron oxide out of the protein shell over longer periods of time are associated with various neurodegenerative diseases. High concentrations of nanoparticles would probably need to be injected into the animal or retina because the number of cryptochrome proteins per cell, the number that would need to be deactivated to observe a changed behavioural response and the success rate with which the nanoparticles bind are all unknown, making it difficult to reliably judge the quantity of nanoparticles that would be required. The risk associated with this would be reduced if the nanoparticles were delivered directly to the site of interest, allowing the experiment to have a shorter timescale.
Simulation of preliminary experiments
Before attempting in vivo experiments, whether on whole organisms or explanted retinas, the effect of magnetoferritin on cryptochrome would need to be verified in vitro. Most measurements of magnetic field effects on radical pair reactions have been made in solution, where rapid rotational tumbling leads to efficient averaging of the anisotropic components of the hyperfine interactions. Such experiments cannot therefore provide information on the singlet yield anisotropy that forms the basis of the compass sensors discussed above. Instead, they typically measure the isotropic singlet yield F iso S as a function of the strength of the applied magnetic field. Experiments such as these could be used rather straightforwardly to investigate the efficiency with which an attached magnetoferritin particle relaxes the spins of a photo-induced radical pair in a purified cryptochrome molecule. If the presence of the magnetoferritin changes the field-dependence of F iso S by enhancing the electron spin relaxation, then it should also affect the singlet yield anisotropy, DF S , of the aligned, immobilized radical pairs that have been proposed as the compass sensors in the retina. Figure 4 shows simulated isotropic magnetic field effects (F iso S as a function of field strength) for the model cryptochrome radical pair used for figure 3a, with the anisotropic components of the hyperfine tensors discarded. The recombination lifetime of the radical pair was 1 ms. Tethered to the radical pair is a magnetoferritin nanoparticle generating an instantaneous field of either 150 mT or 400 mT at both radicals. The Néel relaxation time of the nanoparticle was 1 ns. F iso S was averaged over 500 randomly chosen orientations of the nanoparticle field relative to the applied magnetic field. The isotropic nature of the hyperfine interactions means that neither the orientation of the nanoparticle field nor of the applied magnetic field relative to the radical pair need be considered.
In the absence of the nanoparticle (figure 4, black line), the field-dependence of F iso S has a characteristic biphasic shape. For weak fields (less than or equal to 1 mT), the singlet yield shows a sharp decrease, known as the low field effect, resulting from the increased efficiency of singlet-triplet interconversion caused by lifting the degeneracy of coherent spin states [46, 68] . At higher fields, the Zeeman interaction with the external field causes two of the three triplet sub-states to become energetically isolated, thus reducing the extent of singlet-triplet mixing. The effect reaches a plateau when the applied field strength is significantly larger than the hyperfine interactions.
The fluctuating field from the nanoparticle induces spin relaxation, which reduces the singlet yield and increases the field strength at which the plateau is reached (figure 4, blue and orange lines). Such broadening effects are characteristic of rapidly relaxing radical pairs and have been observed on many occasions [12, 69, 70] . Very similar effects are predicted (see the electronic supplementary material) when the field of the nanoparticle only relaxes one of the radicals.
The simulations shown in figure 4 are not expected to be a quantitative prediction of experimental results, particularly given that only a small number of hyperfine interactions were included in the cryptochrome model and all spin relaxation processes, apart from those induced by Néel relaxation, were ignored. However, the results indicate that magnetic field effects on a flavin-tryptophan radical pair should be measurably altered by the addition of a magnetoferritin nanoparticle attached to at least one of the radicals. Experimental verification of this effect would provide an essential test of the proposed in vivo experiment, and would allow the properties of the nanoparticle and length of the cryptochrome-nanoparticle linker to be optimized. Such studies would also allow the above-mentioned negative controls (apo-ferritin and ferritin itself) to be tested.
Conclusion
We have proposed here an experiment to test the role of cryptochrome in avian magnetoreception using superparamagnetic nanoparticles to disable its presumed magnetic sensing role. The principle is to use the fluctuating magnetic field arising from the Néel relaxation of the nanoparticle to induce efficient spin relaxation in the sensory radical pair and so destroy its ability to respond to the geomagnetic field. In principle, this would be an extremely gentle perturbation, involving molecular interactions many orders of magnitude smaller than k B T. Using spin dynamics simulations, we have shown that the synthetic, protein-based nanoparticle magnetoferritin has the required magnetic properties: its Néel relaxation time is within the required range and its instantaneous magnetic moment can be tailored to an appropriate value. We estimate that the centre of the nanoparticle would need to be about 12-16 nm away from the radicals to induce fast enough spin relaxation to disable the birds' magnetic compass in behavioural or electrophysiological experiments. The protein shell of magnetoferritin offers advantages in terms of biocompatibility, controlled synthesis and scope for control experiments. If this proposal can be implemented, we believe it has the power to Figure 4 . The singlet yield F iso S as a function of the strength of an applied magnetic field, B 0 , for a model flavin -tryptophan radical pair containing only the isotropic components of the hyperfine tensors. The presence of a nanoparticle created a 150 mT or 400 mT field at the radical pair (blue and orange lines, respectively). The singlet yield in the presence of this field was averaged over 500 randomly chosen orientations of the nanoparticle. The solid black line is the singlet yield in the absence of a nanoparticle. For the averaged data, the singlet yield was only calculated at the marked points, due to the length of the calculation. The field of the nanoparticle was experienced equally by both radicals. The radical pair recombination lifetime was 1 ms and the Néel relaxation time of the nanoparticle was 1 ns.
rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180587 distinguish between the two most probable functions of cryptochrome in magnetoreception-sensor and transducer. It could also be used to probe the involvement of cryptochrome-based radical pairs in carcinogenic effects of extremely low-frequency (e.g. 50 or 60 Hz) magnetic fields [71] .
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